ABSTRACT: We present a population viability analysis for the metapopulation of the Antillean manatee Trichechus manatus manatus with the aim of predicting its tendencies under various hypothetical scenarios of conservation. Multiple individual Monte Carlo simulations of deterministic and stochastic factors were run on VORTEX 9.73 software. Populations were defined using genetic structure, geographic barriers, and typical ranging behavior. Demographic characteristics and life history parameters were inferred from the most recent compilation of information on the subspecies or were extrapolated from the Florida manatee T. m. latirostris. The baseline model describes a metapopulation with a positive growth. This model was sensitive to changes in mortality, but did not show any significant response to variations in assumed carrying capacity, age at first reproduction, maximum reproductive age, or initial population size. We simulated different scenarios by modifying human pressure, habitat fragmentation, and catastrophic events (i.e. hurricanes). Additional combined models were developed to simulate the best-and worst-case scenarios for human pressure level and fragmentation. The model suggested that the metapopulation would not be able to withstand an annual anthropogenically induced mortality rate > 5%. A decrease in the survival of transient individuals could also lead to a decline of the population. Variations of the hurricane parameters did not yield important changes in the population curves, but other effects of climatic change are discussed. The extensive geographical area used by manatees requires international collaboration to ensure the protection of the metapopulation through effective conservation strategies across countries.
INTRODUCTION
Knowledge of the viability of populations is crucial in order to elucidate the requirements for species persistence (Shaffer 1990) . Population viability analysis (PVA) is the use of quantitative methods to predict the likely future status of a population of conservation concern (Morris et al. 2002) . PVA has 2 defining characteristics: an explicit model of the extinction process and the quantification of threats to survival. Generally, the extinction model considers 2 categories of factors: deterministic and stochastic. Singly or combined, these forces have reduced many wildlife populations to low numbers, and some, to extinc-tion (Miller & Lacy 2005) . The analysis involves the prediction of the extinction (or quasi-extinction) probability using analytic (Ludwig 1996) or computer simulation techniques (Lindenmayer et al. 1995) .
Manatees (Sirenia: Trichechidae) are classified as 3 species of the genus Trichechus: T. manatus, T. inunguis, and T. senegalensis. The Antillean manatee subspecies T. manatus manatus occurs from northern Mexico to the northeastern coast of Brazil in a patchy distribution. It is the most adaptable member of the family, occupying marine, estuarine, and freshwater areas (Lefebvre et al. 2001) . The status of the Antillean manatee varies among countries from vulnerable to endangered to locally extinct. Estimates by country range from 10 to 1000 animals, with the largest populations reported from Mexico to Belize (Quintana-Rizzo & Reynolds 2010) . Manatee populations and their available habitat have declined (Deutsch et al. 2008) . In recent decades, the populations of the Antillean manatee have been affected by natural catastrophes (hurricanes) and anthropogenic actions such as hunting, habitat loss, entanglement in fishing gear, boat collisions, and pollution (QuintanaRizzo & Reynolds 2010) . For Florida manatees, the recovery from their depleted state has been slow (Langtimm et al. 1998 ) due to the low fecundity and reproductive rate of the species (Rathbun et al. 1995) . It is expected that Antillean manatees face the same situation. The cumulative actions of natural catastrophes, anthropogenic disturbances, and low recovery rates can cause a progressive decrease in the population throughout the distribution range. For all of these reasons, T. m. manatus is considered Endangered on the IUCN Red List of Threatened Species .
The first PVA for a sirenian population was developed for the Florida manatee Trichechus manatus latirostris (Marmontel et al. 1997) . Other PVAs include the Antillean manatee populations of Costa Rica (Jiménez-Pérez 1998) and Mexico (Guichard et al. 2001) . Additionally, PVAs have also been used to investigate the viability of 2 metapopulations of dugong, another member of the order Sirenia, under varying regimes of indigenous hunting (Heinsohn et al. 2004 ). However, no attempt has yet been made to model the viability of the entire Antillean manatee metapopulation. A metapopulation consists of a system of spatially separated populations of the same species which interact at some level, connected by dispersing individuals (Hanski & Gilpin 1991) . The distribution of the Antillean manatee is discontinuous, mostly due to coastal border fragmentation and marine currents, making it suitable for treatment as a metapopulation.
Our objective was to develop a PVA for the entire Antillean manatee metapopulation, in order to identify the way in which fragmentation, environmental uncertainty, demographic stochasticity, and reproductive factors are interrelated and contribute to the extinction process. We developed projections of the extinction trends of the metapopulation under various hypothetical scenarios to understand how the subspecies could be affected. The results of the model were used to provide recommendations to policy and decision makers that could help develop appropriate management plans for the subspecies.
METHODS

Overview
The Antillean manatee model was built using the software VORTEX 9.73 (Miller & Lacy 2005) , which is an individual-based simulation model for PVA. VOR-TEX is a popular tool to model the extinction probability of small populations and analyzes the effects of deterministic forces as well as demographic, environmental, and genetic stochastic events on the dynamics of wildlife populations (Lacy 2000b) . A minimum viable population is one of sufficient size to endure the effects of perturbations within its particular biogeographic context (Shaffer 1981) . Input information required by VORTEX includes metapopulation structure, demographic characteristics, migratory dynamics, life history parameters, environmental effects, and anthropogenic causes of mortality. On the basis of these parameters, the software predicts the extinction risk within a specific time interval, the probability of persistence, and the mean size of the final population (Lindenmayer et al. 1993 , Miller & Lacy 2005 . A baseline model was created with biological parameters taken from previous research on other manatee species or subspecies, mainly the Florida manatee Trichechus manatus latirostris. However, some important variations were made for the Antillean manatee model, as explained in the following section.
Baseline model parameters
Metapopulation structure
We divided the metapopulation into subpopulations based on genetic, geographic, and ecological criteria. The mtDNA phylogeny for Trichechus manatus indicates that there are 3 lineages: (1) Florida and the West Indies, (2) the Gulf of Mexico and Antillean rivers of South America, and (3) the northeastern coast of South America (Garcia-Rodriguez et al. 1998) . The Florida population was not included in this study because it has been classified as a separate subspecies, T. m. latirostris, based on morphological characteristics (Domning & Hayek 1986) . Using this genetic division, the isolation level between subpopulations was estimated from obvious geographic characteristics, local genetic structure, ranging behavior, and habitat use, to determine the most likely subpopulations. Specific arguments to determine the separation between subpopulations are described in the following.
Data from the Bahamas were not included in the analysis because all local sightings correspond to Trichechus manatus latirostris (Lefebvre et al. 2001) . Two likely genetic barriers exist (Vianna et al. 2006) ; the first isolates the Greater Antilles from the continental populations, and the other separates the coast of South America from Guyana to Brazil (Fig. 1) . We took into account the ranging movements of the species, which mainly occur along coastlines, as manatees rarely venture across open oceans. This latter behavior appears to be related to water depth, lack of vegetation for food, increased predation in offshore waters, and lack of fresh water (Reynolds & Ferguson 1984) . Therefore, we assumed that the transit of individuals between the Greater Antilles and the continent, and vice versa, is unlikely.
Two distinct genetic populations appear to exist in Mexico: one along the Caribbean coast and one in the riverine systems connected to the Gulf of Mexico (Nourisson et al. 2011) . For this reason, the manatee population inhabiting the Gulf of Mexico was separated from the Caribbean population.
The Colombian population was separated from Mesoamerica because strong currents and submarine canyons could prevent the transit between these 2 subpopulations. Manatees have been reported in the southern part of the Gulf of Uraba (northern Colombia), but no sightings have been recorded near the Panama border (Caicedo-Herrera et al. 2005) .
Thus, the metapopulation was divided into 6 subpopulations ( Fig. 1 ): Subpopulation 1: Greater Antilles (Puerto Rico, Jamaica, Dominican Republic, Haiti, and Cuba); Subpopulation 2: Gulf of Mexico (Gulf coast of Mexico); Subpopulation 3: Mesoamerica (Caribbean coast of Mexico, Belize, Guatemala, Honduras, Nicaragua, Costa Rica, and Panama); Subpopulation 4: Coasts of Colombia; Subpopulation 5: Orinoquia, Venezuelan coasts, and Lesser Antilles; and Subpopulation 6: Guyana, Suriname, French Guiana, and coastal Brazil. (Vianna et al. 2006) Demographic characteristics and migratory dynamics
The information on population size was based on the most recent compilation of information available for the species in the Regional Management Plan for the West Indian Manatee of the United Nations Environment Programme (Quintana-Rizzo & Reynolds 2010) . Some data were updated by personal communications with local experts (Table 1) .
Recent studies have not detected high levels of inbreeding in various manatee populations (Hunter et al. 2010 , Nourisson et al. 2011 , because the occasional long-distance movements between subpopulations could maintain the heterozygosity observed within those studied populations. Furthermore, movements between subpopulations are more likely to occur along the coasts due to the behavioral characteristics and habitat requirements. Therefore, we did not assume inbreeding depression.
We assumed low migration rates, based on the fact that currents and other geographic factors can affect the movement of individuals between subpopulations (Jiménez-Pérez 1998). We arbitrarily set a migration rate of 2% between neighboring subpopulations, e.g. between the Gulf of Mexico and Mesoamerica (subpopulations 2 and 3, Fig. 1 tween Subpopulations 1 and 6 (Fig. 1) . It is accepted that manatees acquire their migratory patterns and seasonal ranges from their mothers during the 1.5 to 2 yr dependency period (Deutsch et al. 2003) . The dispersal was assumed without distinction of sex or age class, because calves can travel along with their mother. Manatees have a remarkably efficient and responsive immune system ) and appear to be highly resistant to natural disease processes and lethal effects of traumatic injury (Buergelt et al. 1984) . Thus, a 95% survival probability was arbitrarily assigned to transients during migration. Finally, all growing populations are constrained by one or more limiting resources that slow or prevent continued growth when populations become large. This density-dependent growth leads to the general observation that large populations tend to grow more slowly, or even shrink, relative to small populations, as is the case with the Florida manatee population (Haubold et al. 2006) . A primary limiting factor for the population growth of Florida manatees is believed to be the availability of warm water refugia during periods of prolonged cold weather in winter (Haubold et al. 2006) . However, this is not a factor that could limit the growth of the Antillean manatee population through intraspecific competition. High-density effects on reproduction have not yet been observed or inferred for the Antillean manatee. The conventional density-dependence model for population growth is based on the premises that populations have the potential to increase exponentially and that there is a density-dependent feedback that progressively reduces the actual rate of increase (Hassell 1975 ). In the case of Antillean manatees, this is probably not an issue, given the low densities of the subspecies. Additionally, an Allee effect, or inverse density dependence at low density (Courchamp et al. 1999 ), would probably not affect manatees. Manatees are semisocial mammals (Reynolds 1979 ) that do not need a group effect to successfully mate, do not need others for their survival, and travel long distances to find a mate. Thus, similar to other PVAs of sirenian populations (Marmontel et al. 1997 , Jiménez-Pérez 1998 , Heinsohn et al. 2004 , this model did not assume density dependence in reproduction.
Life history parameters
Parameters included in the model were: reproductive system, age at first reproduction (hereafter, age at first offspring, FO), maximum age at reproduction, maximum age, maximum number of broods per year, maximum number of progeny per brood, percentage of 1 progeny and twins per brood, sex ratio, percentage of adult females breeding, percentage of males in the breeding pool, and natural mortality rates (Table 2) Although there has been no study specifically devoted to mating behavior, scramble promiscuityimplying polygyny and androgyny -has been securely established as the manatee mating pattern (Rathbun et al. 1995 , Anderson 2002 . Long-term photo-identification studies show that adult manatees have an annual survival rate of about 96% in the Florida population, with relatively low humanrelated mortality (Langtimm et al. 2004) . Analysis of growth layers in the earbone indicates that manatees can live up to 60 yr in the wild (Marmontel et al. 1996) , so we took 60 as the oldest age. Captive manatees are known to live up to 63 yr or more (R. K. Bonde pers. comm.)
Age at FO was determined as follows. The median age at first reproduction for females is about 5 yr, with some individuals giving birth at Age 4 and most by Age 7 (Marmontel 1995 , O'Shea & Hartley 1995 , Rathbun et al. 1995 . Although males undergo spermatogenesis as young as 2 to 3 yr of age (Hernández et al. 1995) , the age at which they sire and produce their first offspring is unknown. Therefore, we assumed the age at FO to be 6 yr for both females and males.
Gestation lasts between 11 and 13 mo (Rathbun et al. 1995 , Pomeroy 2011 . The typical litter size is one, with twins reported rarely (Marmontel 1995 , Odell et al. 1995 , O'Shea & Hartley 1995 , Rathbun et al. 1995 . Values for single (98.6%) and twin (1.4%) births were adopted from Rathbun et al. 1995. Calves have been observed feeding on plants just after birth (Hartman 1979) , but dependence on milk can last up to 18 mo or more (O'Shea & Hartley 1995 , Rathbun et al. 1995 . Interbirth intervals average 2.5 to 3 yr, when the calf survives to weaning (Marmontel 1995 , Rathbun et al. 1995 . Thus, we used 33% of adult females breeding each year. There is no conclusive evidence on reproductive senescence in manatees, but free-ranging females are known to continue reproducing at least into their thirties (Marmontel 1995) . Therefore, we used 39 yr as the maximum age at reproduction.
It is recognized that rates and causes of mortality are likely to differ between Florida and Antillean manatees. Florida manatees are at the northern part of the range of distribution and they are naturally affected by diseases (Buergelt et al. 1984) , starvation, and complication during parturition (Ackerman et al. 1995) . Cold stress and red tides could cause massive death of individuals, especially young and calves (Walsh et al. 2007 ). In contrast, in the tropics, water temperature remains in the optimal range for manatees, which is probably > 20°C (Irvine 1983) , and provides no risk to the manatee population. However, physiological changes have been observed in manatees that inhabit very warm water temperatures (> 35°C, see Bossart et al. 2003) . The massive death of manatees reported in Florida due to exposure to neurotoxins produced by the dinoflagellate Karenia brevis has not been reported in the tropics. Instead, disease, perinatal death (Mignucci-Giannoni et al. 2000) , and, in a small proportion, predation (FalconMatos et al. 2003) could be the most common natural causes of mortality of the Antillean manatees. Thus, our model used similar values of natural mortalities reported for the manatee Trichechus manatus manatus population in Costa Rica (Jiménez-Pérez 1998); data are summarized in Table 2 .
Environmental effects
Sources of environmental variation (e.g. weather, predator and prey population densities, parasite loads) can affect reproduction and survival independently or simultaneously (Miller & Lacy 2005 ). We assumed a random environmental effect on reproduction and survival rates, and an environmental correlation of 75% between subpopulations (Jiménez-Pérez 1998). Although discontinuous, the entire metapopulation is located in the tropical range, and large environmental phenomena could affect it as a whole. There are no estimates of carrying capacity (K; no. of individuals) for Antillean manatees, either because the population is too small for resources to become limiting, or because of the absence of monitoring programs powerful enough to detect such change. However, the current extended availability of suitable habitats for manatees along the distribution area, such as seagrass beds (Short et al. 2007 ) and mangrove ecosystems (Giri et al. 2011) , indicates that Antillean manatee populations are currently below their carrying capacities. Therefore, K was set at double the current estimated metapopulation size. Nevertheless, habitat loss is considered one of the main threats to the species, and in the future it could become a relevant issue. No environmental variation was added to K. The variation on mortality rates due to natural environmental variation was set to 10% of the mean of the mortality rates (Jiménez-Pérez 1998).
Empirical evidence suggests that manatee survival may be affected by severe storm events. Hurricanes and tropical storms can cause manatee mortality by wounding, beaching (due to storm surge or injury from debris in turbulent water), or displacing manatees by storm currents into areas unsuitable for their survival (Langtimm & Beck 2003 , Langtimm et al. 2006 . Those environmental phenomena might also affect survival through the destruction or removal of vegetation, as has been the case with dugongs (Heinsohn & Spain 1974 , Preen & Marsh 1995 . Hurricanes were included in the model as global catastrophes (i.e. hurricanes have the potential to affect all manatee subpopulations). However, the probability that these will affect manatees varies from one subpopulation to another. Hurricanes have a greater effect in the Gulf of Mexico, Caribbean, and Mesoamerica than on the coast of South America. For example, in Colombia, the possibility of hurricanes affecting the mainland is quite small because the Sierra Nevada de Santa Marta, north of Colombia, acts as a barrier that reduces the force of the winds (Ortiz-Royero 2007). Furthermore, the South American coast is rarely affected by hurricanes, since most are formed in the north Atlantic, off the coast of Africa. Therefore, the frequency of hurricane occurrence was set to 0.5% for subpopulations 1, 2, and 3 (to be consistent with Marmontel et al. 1997 ) and to 0.1% for the other subpopulations. The negative effect of hurricanes on reproduction and survival was set to 5 and 10%, respectively (Marmontel et al. 1997 ).
Anthropogenic causes of mortality
Poaching of Antillean manatees for human consumption has prehistoric origins (McKillop 1985) , and has been reported in almost all of the areas where the subspecies is distributed (Quintana-Rizzo & Reynolds 2010). In some floodplain areas, incidental drowning of the Antillean manatee in fishing nets is the main cause of mortality (CastelblancoMartínez et al. 2009 ). Other causes of mortality, such as collisions with motor boats, have been reported, but they are uncommon (Mignucci-Giannoni et al. 2000 , Borges et al. 2007 ).
We use the term 'human-related mortality' to refer to hunting, entanglement, and collisions with boats. There is inconsistent information about general human-related mortality of the metapopulation, although some local reports exist. Assuming that all subpopulations experience approximately the same human pressure, we arbitrarily set the baseline model to 1% of each subpopulation dying from anthropogenic causes every year. We assumed that females and males have the same probability of being caught. Poachers prefer to hunt adults over calves because adults have more meat for consumption. However, young and juveniles are more frequently caught in fishing nets, as large animals can usually break through the nets (Castelblanco-Martínez et al. 2003) . Since adults are more vulnerable to hunting, and young animals to entanglement, in the input model we assumed the same probability of human-related mortality for all age classes. The occurrence of orphan calves as a collateral consequence of separation from the mother was not included as a mortality source, because no estimates were available about the percentage of calves that die due to this factor.
Simulation parameters
Sensitivity test of the baseline model Models can be more sensitive to some parameters than others; therefore, sensitivity tests were conducted to identify areas of uncertainty in several of the parameter values (mortality rates, K; no. of individuals, age at FO, initial population size, and maximum age), allowing us to estimate how large an error in these parameters could affect the simulation results. We ran 500 simulations for each separate parameter to test model sensitivity, and ran the model for 200 yr (Table 3) .
Modeling
Different scenarios were simulated by modifying specific parameters simultaneously for humanrelated mortality, habitat fragmentation, and catastrophic events (Table 4) . Additionally, a series of models combining several levels of those parameters was developed. The worst-and best-case scenarios were simulated and compared with the baseline model. VORTEX ran 500 iterations in a simulated period of 500 yr. The quasi-extinction level was defined as N < 670 ind., i.e. 10% of the inferred current population (Heinsohn et al. 2004 ).
Human-related mortality
In order to model variations in the intensity of human-related mortality, we simulated several levels of this parameter: 0% (the ideal situation), 1% (baseline), and 2, 3, 4, 5, 10, and 30% to simulate different rates of human pressure and their impact on survival.
These rates were applied to all subpopulations equally, since we did not have information on precise differences between subpopulations.
Habitat fragmentation
Habitat fragmentation is defined as the process of creation of habitat 'islands' of different sizes, with im portant consequences for the physical environment as well as for the biota (Saunders et al. 1991) . The major effect of habitat fragmentation on a metapopulation is the disruption of biological corridors and, there fore, a decrease in connectivity (Saunders et al. 1991) . Corridors are strips of habitat with a biologically designed or incidental function of increasing dispersal among populations (Akça -kaya et al. 2007 ). Functional connectivity, understood as the degree to which landscapes actually facilitate or impede the movement of organisms and processes (e.g. reproduction: Uezu et al. 2005) , can be inferred by the survival of transient manatees moving between adjacent subpopulations. We modeled 5 different levels of survival of transients: 95% (baseline), and 70, 50, 30, and 10%, to simulate the effects of habitat fragmentation.
Catastrophic events
Global climate change is expected to affect temperature and precipitation patterns, oceanic and atmospheric circulation, rate of sea level rise, and the frequency, intensity, timing, and distribution of hurricanes and tropical storms (Michener et al. 1997 ). Hurricanes can decrease the viability of manatees due to direct mortality, indirect mortality, and emigration from the region as a consequence of storms. Also, important seagrass communities can be se verely damaged by tropical storms, affecting the feeding resource for manatees (Langtimm & Beck 2003) . For the baseline model we assumed a hurricane frequency of 0.5% (Subpopulations 1−3) and 0.1% (Subpopulations 4−6). Thus, we arbitrarily modeled frequencies of 0% for all subpopulations (deterministic model), 1 and 0.6%; and 2 and 1.2%, for Subpopulations 1 to 3 and Subpopulations 4 to 6, respectively.
RESULTS
The baseline model describes a metapopulation with an estimated initial size of 6700 ind. and positive (Table 2) , except the initial metapopulation size (Table 1) and the carrying capacity (K; no. of individuals; Table 2) growth (r = 0.032; Table 5 ). This is the average metapopulation growth expected based on mean fecundity and mortality rates in the absence of inbreeding, with low human pressure and relatively low frequency of stochastic processes (e.g. occurrence of hurricanes and tropical storms). All subpopulations showed the same growth pattern ( Fig. 2A) , with the number of individuals increasing until K was reached. The probability of extinction for all the subpopulations was 0. Mesoamerica (Subpopulation 3) has the largest population size and was predicted to have the highest number of extant individuals after 500 yr. In the sensitivity tests, when the natural mortality values were reduced by half (Fig. 2B, Mortality 1) , the metapopulation maintained a pattern similar to the baseline-value simulation (Mortality 2). However, when the natural mortality was increased to twice the baseline (Mortality 3), the metapopulation showed a strong break, reaching extinction after only 100 yr. Because the natural mortality of Antillean manatees seems to be lower than that of Florida manatees, reaching levels of Mortality 3 (double the baseline parameters) may be unlikely. A decrease to half of K leads to a non-growing population maintaining the initial population size over time.
Sensitivity tests to changes in the age at FO, the maximum reproductive age (MRA), and maximum age (MA) (data not shown) revealed some differences in the time that K is reached. However, they were not sensitive to possible errors in the estimation of those parameters. Several initial population sizes (IPS) were used to identify how an error in this parameter could affect the simulations. The obtained curves varied slightly, but the growth rate remained positive in all cases (Table 6 ). We believe that the population size cannot be outside the tested range (IPS = 1675 to 13 400), and we consider that N = 6700 is a reasonable value.
A reduction in human-related mortality to 0 did not result in a substantial growth of the population, compared with the 1% baseline model (Fig. 3) . This is due to the assumed K of the system, which limits the in crease in manatee numbers. Similar curves were obtained with 2, 3, and 4% values. However, the population showed negative growth (r = −0.001) when the human-related mortality was 5% (Table 7) . This means that the population would be unable to withstand any annual human-related mortality > 5%. However, the estimated time to extinction was > 500 yr. Humanrelated mortality simulations of 10 and 30% accelerated the extinction process, with times to extinction of 307 and 283 yr, respectively.
Concerning habitat fragmentation, the population showed positive growth with values of transient survival of 95% (baseline value) and 70% ( Table 7 , Fig. 4) . For a survival probability of 50%, the rvalue was still positive, but lower. However, 30 and 10% survival probabilities led to a negative growth of the population, with time to extinction Table 6 . Trichechus manatus manatus. Sensitivity tests with varying mortality, carrying capacity (K; no. of individuals), age at first offspring (FO), maximum reproductive age (MRA), and initial population size (IPS), including deterministic and stochastic mean annual rate of population change across the simulations (det-r and stoc-r ± SD), probability of quasi-extinction over 500 yr (PE), and the mean final population size (N-final ± SD). The mean time to quasiextinction was 0 yr in all cases except Mortality 3 (68.8 yr Table 5 . Trichechus manatus manatus. Predictions of the baseline model for the Antillean manatee, including mean annual rate of population change across the simulations under deterministic (det-r) and stochastic (stoc-r ± SD) models; final number of individuals (N-final ± SD). Probability of extinction was 0 in all cases. Values for the metapopulation are shown in bold estimated at 229.3 and 104 yr, respectively. With regard to natural catastrophes, variation in the intensity and frequency of hurricanes did not lead to any important change in the population growth curves (data not shown). Human impact and habitat fragmentation were the main factors that drastically caused changes in the simulated extinction process of the population (Table 7) .
We varied 3 levels of both factors (human-related mortality and habitat fragmentation) in combined models (Fig. 5) . The optimistic baseline scenario (Model 1) showed a positive growth of the population and an extinction time equal to 0. Increasing humanrelated mortality led to extinction in all cases (Models 2, 3, 5, 6, 8, and 9), but time to extinction was variable. A reduction in the survival probability of tran- sients could be tolerable, if the human-related mortality is kept below 1% (Model 4). However, a small increase in this rate (5%) produced extinction of the population in 208.9 yr (Model 5). The worst-case scenario occurred when 30% of the population was extracted every year, and just 30% of the transients between subpopulations survived (Model 9), with a calculated extinction time of only 41.5 yr.
DISCUSSION
In the case of the manatee, a PVA can be powerful for several reasons. First, the possibility of extinction highlights the necessity for adaptive management plans or the monitoring of current plans. Second, the PVA involves reviewing published and unpublished information. This pro cess is helpful to identify gaps in the biology and conservation knowledge that need to be filled. Lastly, the PVA can lead us to detect particular cases or demographic processes that require urgent attention, e.g. countries where manatee populations are decreasing or their status is unknown (Table 1) .
There are also some caveats for the use of this model. Its main weakness is the lack of certainty about the demographic characteristics, primarily regard ing the estimated size of the population. The most robust data have been obtained in the Caribbean region, where habitat characteristics make it Table 7 . Trichechus manatus manatus. Predictions for Antillean manatees, with varying human-related mortality (% of deaths per year due to human causes) and habitat fragmentation (% survival of transients; see Fig. 4 ). The results include deterministic and stochastic mean annual rates of population change across the simulations (det-r and stoc-r ± SD), probability of quasiextinction over 500 yr (PE), mean final population size (N extant ± SD), and the mean time (yr) to quasi-extinction (mean TE able. However, it is important to emphasize that experts and local people throughout the region agree that the number of manatees sighted per year has decreased over time (information obtained by D. N. Castelblanco-Martínez in structured and semistructured interviews). The present model also assumes that all threats that affect Antillean manatees are equal between subpopulations. Further information is needed to refine the intensity of human pressure at several scales. As more information can be included in the model, predictions can be improved and the uncertainty reduced. Another important source of uncertainty could be the parameter values for the life history of the Antillean manatee that were extrapolated from data on the Florida manatee. Studies on captive Antillean manatees show that the reproductive information is similar for both subspecies (Marmontel et al. 1992) , and thus we expect that some values used for the Antillean subspecies are similar to the well-studied Florida manatee. The sensitivity tests showed that any slight differences between the values of the 2 subspecies parameters would not drastically affect the results of the model.
Our baseline model describes a metapopulation with a positive growth. The population dynamics of sirenians are such that mortality must be low in order to maintain a maximum potential annual rate of increase on the order of 5% (Marsh et al. 1984) . Therefore, the observed baseline model growth rate is reasonable. In Florida, a viability analysis using VORTEX revealed negative growth of the population for all possible scenarios tested (Marmontel et al. 1997) . The difference between Florida and our study could be related to intrinsic variations between subspecies and also differences in the values used in the model parameters, such as population size and mortality rates. A major difference between the Florida and Antillean manatee models is the estimated population size, about 7 times smaller for Florida. The population size is a determining parameter of the population dynamic model. In a smaller population, the number of interacting stochastic processes can decrease population growth and stability (Lacy 2000a) .
Another important difference between Florida and Antillean manatees is the massive mortality associated with cold fronts and red tide episodes, which has a strong impact on the population. Florida manatees can experience over 300 to 400 deaths a year, as a result of cold stress or red tide exposure (Walsh et al. 2007 ). This is not the case for Antillean manatees, which inhabit the warm waters of tropical America. No red tides affecting this subspecies have been documented.
Boat collisions account for about 25% of manatee deaths annually in Florida (Aipanjiguly et al. 2003) . Although it is known that Antillean manatees are also affected by boat collisions (Mignucci-Giannoni et al. 2000 , Borges et al. 2007 , boat densities in developing countries seem to be remarkably lower than in Florida, and the overlap of manatees and human activities areas is less frequent and less invasive. For instance, in Kings Bay, Florida, the mean number of boats per day in a manatee area was 32.7, ranging from 1 to 79 (Buckingham et al. 1999) , while on the Orinoco River, the mean number was 4.28 boats per day, ranging from 0 to 32 (CastelblancoMartínez 2004) . For Antillean manatees, resource availability appears to determine habitat use, more than the boat traffic variable itself (Jiménez-Pérez 2005 , Hamilton 2009 ). Although human populations in countries where Antillean manatees live are increasing (Wittemyer et al. 2008 ), there are not many areas yet where an intensive overlapping between manatees and boats occurs, as happens in Florida. This can be due to a lower density of manatees and/ or a lower density of humans occupying the coasts, with a conversely lower level of boating activity.
Although variation in natural catastrophes did not affect population growth, climate change can still affect manatees through habitat fragmentation, loss of suitable feeding areas, and general landscape modifications. Global climate change will affect the physical, biological, and biogeochemical characteristics of the oceans and coasts, affecting manatees living in estuaries and coastal ecosystems (Würsig et al. 2002) . Furthermore, an important part of the Antillean manatee population lives in freshwater river systems and streams. Because the flooding regime is strongly related to large-scale climatic phenomena, there might be a perilous connection between climate change and the future prospects for those freshwater subpopulations (Arraut et al. 2010) . Effects on the aquatic environment are especially difficult to predict because of the complex interactions between aquatic systems and climate, and will vary greatly between areas. Therefore, predictions of the effects of climate changes on species and populations are speculative (Würsig et al. 2002) and deserve deeper analysis.
There are other important effects of climatic change that were not taken into account because of the lack of sufficient information about their effect throughout the region. Identification of food resources, temporal dietary patterns, and foraging locations is necessary to detect changes in the feeding ecology of the species due to global warming. Long-term studies of individually identifiable animals can be expensive and require a long-term commitment for funding (Quintana-Rizzo & Reynolds 2010) . Furthermore, marking and tracking methods are generally too expensive for developing countries, and low-cost and practical monitoring strategies need to be identified to address multiple research objectives simultaneously (Quintana-Rizzo & Reynolds 2010) .
Antillean manatees still die as a direct result of human-related factors in all subpopulations. It is difficult to estimate accurately the current level of such deaths, but it is important to ensure that it is maintained below 5% of the estimated population size annually. Also, it should be noted that the model did not include another source of extraction from the natural population, such as orphaned calves as a collateral consequence of boat collision, hunting, entanglement, or natural death of the mother. Manatees have a long period of maternal care, and the mother's death directly implies the death of the dependent calf, if artificial care is not provided. There are relatively few manatee rehabilitation centers throughout the distribution area, and an un known number of orphan calves still die due to the lack of appropriate detection, recovery, and subsequent care. Furthermore, most of the rehabilitated manatees remain in captivity, and in the majority of the cases there are no formal projects to reintroduce them back to the wild, as has been successfully done in Brazil (Lima et al. 2005 and Belize (N. Auil pers. comm.). Improving and/or creating rehabilitation facilities to attend to emergencies is recommended (Quintana-Rizzo & Reynolds 2010) . Also, it is important to strengthen plans and actions to rehabilitate and release rescued manatees when their condition is appropriate for those actions.
In the majority of countries in which Antillean manatees occur, motorized boat traffic is currently relatively low (e.g. Castelblanco-Martínez 2004 , Hamilton 2009 ), and except for Puerto Rico and Belize, collisions with boats do not represent the main threat to the subspecies. However, boat traffic is expected to increase in the future as local users increasingly abandon traditional dugout dories in favor of motor boats (Hamilton 2009 ). Recreational areas, often placed in shallow waters, should be carefully planned to avoid lethal encounters between manatees and boaters.
The survival of individuals moving between subpopulations is a success indicator of biological corridors, and therefore of habitat fragmentation levels. This model shows that not only the protection of areas intensively used by manatees, but also the maintenance of connectivity among subpopulations is necessary. The survival probability of transients can be increased by promoting and conserving natural corridors, thereby guaranteeing long-distance movements of some individuals each year. In this regard, some critical areas, including Panama and the Holbox region in Mexico, deserve particular attention. Panama represents the bridge between South America and Mesoamerica, and its preservation could be relevant to facilitate genetic exchange. The Holbox region (northeastern Yucatan Peninsula, Mexico) is very interesting in terms of genetic dispersion between the Gulf of Mexico and Caribbean region. Manatees have been reported in both Panama (Schad et al. 1981 , Mou-Sue et al. 1990 , Viquez 1993 ) and the Holbox areas (B. Morales-Vela pers. comm.), but there is no available information on their current conservation status or population size. Habitat fragmentation does not only impact the survival of manatees per se, but also has collateral effects. For example, fragmentation of rivers by dams might affect plant dispersal along river corridors (Jansson et al. 2000) , and it could have an impact on the manatees' food resources. Additionally, pollution, environmental noise, boat traffic, and other factors are also important indirect collateral effects of fragmentation that can affect the viability of manatees. This aspect should be taken into account during the planning of ports, dams, bridges, channels, and any other alterations of the coastal shoreline and flow of rivers. Also, it is important to avoid fragmentation within subpopulations.
The review of published and unpublished literature about Antillean manatees raised an important issue: studies of the subspecies have been mostly addressed on a country-by-country basis. This is due to the fact that some countries have more governmental support for research and biological conservation than others. Countries such as Mexico, Belize, and Brazil have developed important long-term research projects on manatees, including genetics, radio tracking, and ecology. Those experiences should be communicated, and if possible, replicated in other countries with similar conditions. Antillean manatees can use extended areas and perform transboundary displacements (Morales-Vela & PadillaSaldívar 2009 ). This wide use of habitat implies the need for international collaboration and must receive attention by scientists, governments, and managers of natural protected areas, in order to design conser-vation strategies not limited by national borders. We recommend establishing a multinational committee for regional Antillean manatee population monitoring, including conducting demographic censuses, establishing stranding networks, and providing environmental education.
Management decisions are based not only on whether the proposed strategy is sufficient to achieve recovery, but also on whether the likely benefit will justify the expenditure (Brook et al. 2000) . Decisions by managers should take into account other factors that this study did not address, such as the economic and social costs of protecting Antillean manatees. However, this work provides information on critical points that will have to be further investigated in order to protect this endangered subspecies. 
